100-150 msec (Volkmann et al., 1968) . Blink and saccadic suppression share some mechanisms, but they are not identical (Ridder & Tomlinson, 1997) . Given that we usually blink about 15-20 times per min (Leigh & Zee, 2006) , involving perhaps 4 sec of visual suppression, and that we have about 40 or more saccades per min, involving another 4 or 5 sec of suppression, it is surprising that we are not aware of being functionally blind for 10%-15% of the time under normal circumstances. Our visual awareness is evidently extrapolated across periods that are "missing." The implications of this for psychomotor performance, as measured by visual reaction times and vision in daily life, have not been well canvassed.
Reaction time (RT)-how quickly someone responds to a visual stimulus that is presented repeatedly at random intervals-has long been used to measure psychomotor performance and brain function (Donders, 1868 (Donders, /1969 Luce, 1986) . For example, many current theories of visual attention are based on changes in RT performance (Eriksen & Eriksen, 1974; Posner, Snyder, & Davidson, 1980) . The resulting mean RT, RT variance, and response accuracy have often been used to infer "attention" or "distraction" effects (Van Breukelen et al., 1995) . As part of our ongoing investigations into the variability of RTs, we wanted to know whether the visual suppression that is known to accompany blinks and saccades influences individual RTs under normal circumstances. Our hypothesis was that upper eyelid. The total amount of IR light that was reflected back from the eye and eyelid was measured during each pulse by a phototransistor next to the LED. There is always some other IR light that is present in the environment, originating from sunlight and/or artificial lights. This ambient IR light was measured by the phototransistor immediately before each pulse and then was subtracted from the combined amount that was measured during the pulse to overcome fluctuations in ambient IR light. The IR-light measurements and the output from the pushbutton were digitized every 2 msec. These digitized signals enabled the monitoring of movements of the eyes and eyelids, as well as the calculation of their timing, duration, and velocity using proprietary software (Johns et al., 2007) . The JTV also recorded video images of the subject's face and eyes, but those images were not used for data analysis.
Experimental Subjects and Protocol
Thirty healthy volunteers (18 male, 12 female; mean age 5 21.4 years, range 5 17-32 years), who had normal visual acuity without correction, performed a 15-min visual RT test (JTV) during the morning after a self-reported "normal" night's sleep. All stimuli and RTs were identified by their starting times. Eye and eyelid movements and RT responses were stored in the same database, and the data surrounding each RT response were displayed on a monitor and scanned visually. Blinks and saccades that began within the period that began 300 msec before and ended 300 msec after the start of a stimulus were identified by their readily distinguishable waveforms. For the purposes of the present experiment, they were called coincident blinks or coincident saccades. The 6300 msec window was longer than the known time range for the effects of blink and saccadic suppression. For analysis, these coincident blinks and coincident saccades were separated into 75-msec time bins, according to whether they began before or after the onset of a stimulus. All of those RTs were defined as coincident RTs. The difference between each coincident RT and its immediately preceding RT within the same subject was measured. The difference between consecutive RTs for all other cases, called noncoincident RTs, was also noted for comparison. The very short-term differences between consecutive RTs within 15 sec were the primary data for this investigation. This eliminated longer term differences between subjects and the fluctuations in RT over a timescale of minutes to hours. The statistical significance of differences between groups of RT data was tested using several separate one-way ANOVAs with post hoc Tukey HSD tests, accepting significance at p , .05 in two-tailed tests. A paired t test was used to test the significance of all differences between consecutive RTs. An unpaired (Student's) t test was used to test the statistical significance of the difference between coincident RTs and noncoincident RTs. The experiment was approved by the relevant ethics committee of Swinburne University of Technology, Melbourne.
RESULTS
The number of stimuli that were presented to each subject varied between 81 and 90 during each JTV test. The mean of all 2,556 raw RTs was 390 6 103 (SD) msec, the median was 376 msec, and the range was 142-970 msec. There were significant differences in raw RTs between subjects [F(29,2526) 5 20.61, p , .0001]. In 7 subjects, there were a total of nine errors of omission (no response within 2,000 msec) and one error of commission. Among all 2,556 raw RTs, 278 were longer than 500 msec, which some refer to as "lapses" in performance (Dinges & Kribbs, 1991) . One hundred ten of those lapses (39.6%) were associated with a coincident blink or saccade, as were three (33.3%) of the occasional errors of omission. Among all 30 subjects, 27 (90%) had some coincident blinks and saccades.
when the start of a stimulus happens to coincide with a blink or a saccade, that RT will be increased, because the stimulus will not be perceived until after the visual suppression has ended. Such an effect might explain some of the variance in RTs that has been attributed by others to intermittent mental "blocking" (Bills, 1931) , "lapsing" as part of normal brain function (Dinges & Kribbs, 1991; Williams, Lubin, & Goodnow, 1959) , or "noise" in the neuronal integrators that are involved in the perceptual decision-making process (Shadlen & Newsome, 2001 ). To our knowledge, this has not been investigated previously.
The present experiment was facilitated by the development of a system of infrared (IR) reflectance oculography (Johns, Tucker, Chapman, Crowley, & Michael, 2007) that enables eye and eyelid movements to be monitored continuously, without electrode attachment, while subjects perform a computer-based visual RT test, the Johns Test of Vigilance (JTV; Optalert Drowsiness Measurement System, Optalert Pty Ltd, Melbourne, Australia). We used this system with healthy volunteers to compare RTs with and without an associated blink or saccade that happened to coincide with the stimulus onset.
METHOD Visual RT Test
The stimulus in the JTV was a brief change of shapes on a computer screen, in which three circles that were 20 mm in diameter became either squares or diamonds of the same size for a period of 400 msec before reverting to circles. The shapes were white, with a thin black border and a 10-mm black cross in the center, and were displayed on a gray background. The circles were 200 mm apart, or 12.5º apart when viewed from a distance of 0.5 m. The stimulus thus involved a rapid change in the orientation of widely spaced lines that formed different shapes. Stimuli were presented at intervals that varied randomly between 5 and 15 sec. An average of approximately 85 stimuli were presented during the 15-min test. The luminance of the stimulus was not measured directly. The 400-msec duration of the stimulus was chosen because it is longer than the average blink, which is 265 657 msec, as measured by the system of IR reflectance oculography that was used here (Tucker & Johns, 2005) . If the stimulus was not perceived during that 400 msec, no valid response was possible; however, eyelid closure during blinks does not normally block vision directly for that long.
In the JTV, the respondent is asked to push a button, which is held in the hand, as quickly as possible after any change in the circles has been detected. The time between the onset of the stimulus and the pushbutton response (the raw RT) was measured automatically with an accuracy of 69 msec. An error of omission was said to occur when there was no pushbutton response within 2,000 msec of the start of a stimulus. This time limit was somewhat arbitrary, but it was chosen to be several SDs above the "normal" range of RTs. An error of commission occurred when there was a response before the stimulus had started, or within the first 120 msec of its onset, which was considered too soon to have been a physiological response (Brebner & Welford, 1980) .
Monitoring Eye and Eyelid Movements
While performing the JTV test, subjects wore a special glasses frame (Optalert Pty Ltd, Melbourne, Australia), much the same as one that would be worn normally with prescription lenses (Johns et al., 2007) . A very small light-emitting diode (LED) that was attached to the frame emitted 500 pulses of IR light per sec (wavelength, 940 nm), directed from below and in front of the eye in a 30º cone of invisible light that was centered on the lower edge of the ure 1) were associated with significantly increased RTs in comparison with noncoincident RTs ( p , .001). Similar results were observed for blinks that started within the 0-to 175-msec and 176-to 1150-msec time bins ( p , .001). Coincident RTs in the 1150-to 1225-msec bin and in other bins did not differ significantly from noncoincident RTs ( p . .9). RTs thus increased significantly, often by 200 msec or more, when they happened to be associated with blinks that started during the period from 75 msec before to 150 msec after the stimulus onset. A 200-msec increase in coincident RTs was almost twice the SD for all noncoincident RT differences (120 msec). Three of the nine errors of omission were also associated with coincident blinks that were otherwise normal, starting at 24, 149, and 178 msec in relation to the stimulus. The other six errors of omission and the one error of commission occurred with the eyes wide open, with no coincident blinks or saccades.
Effect of Coincident Saccades on RTs
The 1225-to 1300-msec time bin was omitted because of insufficient data. The effect of coincident saccades on RTs also varied according to when the saccade started in relation to the stimulus onset [F(7,2359) 5 5.55, p , .001] (Figure 2 ).
RTs were increased significantly when they were associated with coincident saccades that started within the 0-to 175-msec time bin (post hoc Tukey HSD, p 5 .001). The greatest increase in RTs was associated with saccades that started 76 to 150 msec after the stimulus onset ( p , .001). The mean increase in RTs was 160 msec-much greater than the duration of the saccades themselves, which was The mean of all 2,515 differences between consecutive RTs within subjects was 0.5 6 130 (SD) msec (t 5 20.204, p 5 .84). A one-way ANOVA showed no significant difference between subjects [F(29,2485) 5 0.04, p . .9]. On 148 occasions, there was a coincident blink, and on another 133 occasions, there was a coincident saccade that happened to begin within 6300 msec of the start of a stimulus-that is, 11.2% of all 2,515 RTs were associated with either a coincident blink or a coincident saccade. The great majority of those ocular movements were presumably made spontaneously, as part of each subject's visual-search strategy during the vigilance task. The mean duration of coincident blinks was 276 6 95 msec, and that of coincident saccades was 59 6 15 msec, which are typical for alert subjects who are monitored by this system (Tucker & Johns, 2005) . The mean difference between consecutive RTs that were associated with either a coincident blink or a coincident saccade (78 6 170 msec, n 5 281) was eight times greater than that for all noncoincident RTs (210 6 120 msec, n 5 2,234) [t(2513) 5 211.1, p , .0001].
Effect of Coincident Blinks on RTs
A one-way ANOVA showed a significant overall difference between the noncoincident RTs and the coincident RTs in each time bin for coincident blinks [F(7,2374) 5 31.18, p , .001] (Figure 1) . The 1225-to 1300-msec time bin was omitted for lack of data. The difference between consecutive RTs for all noncoincident RTs is shown in Figure 1 ated with coincident blinks that started within the 275-to 1150-msec time window.
The coincident blinks were of normal duration (M 5 276 msec) (Tucker & Johns, 2005) . If such a blink started 75 msec before a stimulus, the upper eyelids would presumably still have covered the pupils for some time after the stimulus began. That would have prevented light entry through the pupils, delaying perception of the stimulus and increasing the RT, as we have observed. For blinks that started 75 to 150 msec after the stimulus began, however, RTs increased by an average of 170 msec. Others have shown that a high-contrast stimulus that lasts much less than 400 msec (e.g., 50 msec) can be readily responded to (Deary et al., 2004) . The question arises, therefore: How does a blink that is yet to start, with the eyelids still wide open, delay the pushbutton response? We believe such an effect is entirely consistent with the process of blink suppression that is known to start about 50 msec before the eyelid movement begins (Burr, 2005; Ridder & Tomlinson, 1997; Volkmann et al., 1980) . It is less clear how coincident blinks could have caused the errors of omission that were recorded here; however, such errors occurred infrequently, and there was not sufficient evidence to elucidate this.
There was a similar, but smaller, effect on RTs that were associated with coincident saccades. That effect was most evident when saccades happened to begin within the time window from 75 to 150 msec after the start of the stimulus, when RTs increased by an average of 120 msec; thus, the effect of coincident saccades on RTs lasted much longer than the saccades themselves. This result is also consistent 59 msec on average. There was no significant increase for saccades that started before the stimulus onset.
DISCUSSION
In the present experiment, we were concerned with spontaneous blinks and saccadic eye movements that normal people have while performing a visual RT test. We identified those blinks and saccades that happened to begin within a time window of 6300 msec around the beginning of a visual stimulus that was presented at random intervals between 5 and 15 sec. We wanted to know how RTs were affected by the timing of such ocular movements in relation to the onset of the stimulus. We removed the effects of longer term differences in RTs, within and between subjects, by comparing each RT with its immediately preceding RT within the same subject. We were concerned, therefore, with differences in RTs within the 5-to 15-sec time frame. This is a very different experimental paradigm from that of most other researchers, who have been concerned with changes in RTs over periods of minutes, hours, or days (Bonnet, 1986; Dinges & Kribbs, 1991) .
The RT increased significantly when a blink happened to start within a time window from about 75 msec before the stimulus until 150 msec after the stimulus onset. As a result, many RTs increased by more than 200 msec, or about twice the SD of consecutive differences between noncoincident RTs. To our knowledge, this effect has not been described previously. Even though errors of omission were infrequent, one third of them were also associ- involved, including changes in the ability to focus and maintain other aspects of visual attention, and the effects of noise in neural integrators that are involved in the perceptual decision-making process (Shadlen & Newsome, 2001; Woodman, Kang, Thompson, & Schall, 2008) .
We can only speculate whether this matters in real-life situations, in which it is normal to have periods of lack of awareness that last 100-200 msec associated with blinks and saccades that go unnoticed. The visual stimulus that was used here was achromatic, with a relatively low spatial but high temporal frequency. Presumably, this would have been processed by the magnocellular visual system, which is known to be very susceptible to blink and saccadic suppression (Bristow et al., 2005; van der Ven, Smit, & Jansen, 1989) . This kind of visual information is important in many real-life situations, and a 200-msec or greater increase in visual RTs may be critically important in some of them. For example, a driver who is traveling at 100 km/h and applies the brakes in an emergency would travel 5.6 m further as a result of a 200-msec increase in RT. This may well be significant in terms of road safety, if not causing an increase in the frequency of crashes nevertheless causing an increase in the severity of their consequences because of higher impact velocity.
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with the known effects of saccadic suppression (Ridder & Tomlinson, 1997; Thiele, Henning, Kubischik, & Hoffmann, 2002; Volkmann et al., 1968) . There is no blocking of light entry to the eyes during saccades, as there is with eyelid closure during blinks. To that extent, at least, the effects of coincident saccades are different from those of coincident blinks; however, their central neural processes may share pathways (Ridder & Tomlinson, 1997) .
Our results suggest that a substantial part of the shortterm variability in RTs that is observed in normal people during a visual RT test could be caused by visual suppression that is associated with coincident ocular movements, particularly blinks and saccades. These happened about 11 times in 15 min during responses to about 85 stimuli in the present experiment. How often these occurred depended to some extent on the frequency of stimuli. Visual suppression could be expected to increase some RTs by 200 msec or more. Visual suppression may also cause some errors of omission during studies that involve stimuli of relatively short duration, such as those that were used in the present experiment. Exactly when that would occur is largely random, depending on the "coincidence" of an ocular movement and the start of the stimulus. Others have reported that blinks tend to be inhibited during an active search phase of a visual-performance task, and then occur preferentially after a response has been made (Bauer, Strock, Goldstein, Stern, & Walrath, 1985) ; however, that would presumably depend on the nature of the task and the intervals between stimuli. The blinks and saccades that were of interest here occurred during periods of anticipation of a stimulus being presented at some time within the next 15 sec. There were many blinks and saccades during those times, before and after the stimulus, and there was no evidence that their occurrence was influenced in a way that would explain our findings.
It has been known for many years that, even when people are alert, their RTs show a variability over periods of seconds that has not been fully explained. In 1931, Bills postulated a process of intermittent mental blocking to explain this phenomenon as part of normal brain function. Others have interpreted these lapses as episodes of "distraction" in an inhibition model of RTs (Burr, Morrone, & Ross, 1994) . The nature of mental blocking and how this relates to the lapses described by others (Dinges & Kribbs, 1991; Williams et al., 1959) remains unclear, however. We suggest that visual suppression that is associated with blinks and saccades plays a significant role in the short-term variability of visual RTs and causes some lapses in psychomotor performance, in the form of long RTs (i.e., greater than 500 msec). If this process affects about 10% of RTs in a vigilance test, the overall mean RT might increase by about 20 msec. Whether this matters in practical terms is uncertain; however, this process may also cause some errors of omission in response to brief stimuli under normal circumstances. These effects on RT can be expected to occur in any visual test of vigilance. This may partially explain Bills's "mental blocking." Visual suppression cannot explain all the variability in RTs or the errors of omission that we observed in alert subjects, however. There are presumably other mechanisms
